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Abstract— Approximate equivalent circuit (EC) characterization of a novel microstrip-ring
resonator (MRR) bandpass filter (BPF) for wireless application at the ISM frequency band of
applications is presented. The proposed MRR is a combination of two bent half wavelength (λ/2)
microstrip line sections together with a pair of end-coupled microstrip feed lines (E-CMFL) of
λ/8 length each. The E-CMFL forms a pestle-like shape and runs across the center of the
entire diameter. The pair is separated by a distance of 0.036λg at the center. The equivalent
circuits of the MRRs, the E-CMFL, and the effects of differing various spacing between them
were investigated using a 2D ADS circuit solver and subsequently by 3D EM commercial solvers.
The findings indicate that the proposed EC is influenced by capacitances due to a resonator gap
(g), resonator-microstrip feed line gap (d), the inter-feed line gap (i), the radius of MRRs (r), and
the resonator head (m). The EC model that was derived has been validated both by analytical
formulae and numerical simulations.
1. INTRODUCTION
Lately, the microstrip-ring resonator (MRR) and its derivatives have been a burning issue in the RF,
microwave and millimeter-wave systems community not only as filters and antennas, but even in
sub-wavelength (SW) microwave imaging [1–10]. One notable attraction of MRRs that distinguishes
them is that they satisfy the increasing need for the optimum usage of space in modern microwave
circuits. Low cost, high quality (Q) and low radiation loss for wireless communication are extra
additives [11]. To design a transceiver operating at 5.8GHz with 200MHz bandwidth requirement
for image transmission will require an efficient bandpass filter at the front-end radio frequency
(RF) device. Judicious use of the allocated frequency spectrum thus requires channelization. This
is accomplished by the use of an optimal selective and high-performance bandpass filter (BPF).
To be able to accomplish this effectively, the out-of-band rejection characteristics of the adjacent
channels and the in-band loss flatness of about 50% at the center may be a necessity. A narrow
bandwidth is strongly dependent on high resonator unloaded Q and low loss BPF (as increase
in loss results in filters’ characteristics becoming progressively more rounded, and subsequently
leads to poorer selectivity) with an adequate linear phase to achieve efficient channelization. We
therefore introduce a dual-MRR structure that is capable of delivering high stop-band isolation
and an out-of-bound rejection skirt. Though the proposed MRRs structure is introduced in this
work, our intention is to characterize it by way of EC modeling in order to underpin their electrical
behavior adequately, seeing such sections tend to store or release electric/magnetic energies across
them and their resistance accounts for the dissipated power. In [12], Baena et al. presented EC
models for cylindrical MRRs and complementary MRRs coupled to planar microstrip feed lines
(MFL) based on the meta-material concept. In our study, we intend to explore the EC of a novel
MRR’s non-metamaterial structure visa`vis its electromagnetic behavior, as well as their coupling
to a microstrip feed line [13–15].
2. THE PROPOSED DESIGN
The structure is an SW resonator with its basic components depicted in Figure 1. The proposed
MRR comprises two bent half wavelength rings (Figure 1(a)) combined to form a circular shape, but
instead, separated into two halves by a distance large enough to accommodate the feed arrangement
shown in Figure 1(b) and demonstrated in Figure 3. The resonant frequency of each MRR depends
primarily on the dimensions `, m & n, which are largely influenced by the width of the resonator,
and are responsible for reduced losses in the MRRs. The parameters `, m and n are therefore
set to be λ/4, λ/8 and 0.043λ respectively to attain a target frequency of 5.8GHz. Splitting
the ring into two equal parts and adding a feed line along the center suppresses most spurious
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Figure 1: Component of the filter.
(a) (b)
Figure 2: Resonance variability potential of the fil-
ter.
(a) (b)
Figure 3: The filter. (a) Configuration, (b) proto-
type.
Figure 4: EC of the electrical coupling between the
MRRs.
responses and harmonics. Furthermore, each MRRs exhibits individual resonant frequency other
than the basic resonant frequency based on the whole length of the original circular ring resonator,
as demonstrated in Figure 2. Therefore, the added advantage of this design is the possibility of
providing additional resonant frequencies very close to the desired frequency [16]. Seeing that
our goal is a narrowband filter of about 5% fractional bandwidth (FBW), a conscious effort was
made to eliminate not only the additional resonances, but also the spurious resonances. This was
accomplished through the processes described below. First, since the proposed microstrip-ring
slotline resonator has maximum magnetic field density near the slit, the inter-stage coupling is
therefore magnetic and the coupling intensity depends on the separation distances between the
two resonators [17]. We therefore increased the resonance capacitances by adding the head (m)
to the resonator, as depicted in Figure 3. Secondly, we vary the separation distance (d) between
the two MRRs with respect to the feed line. The third is that since Hui Zhang et al. [18] pointed
out in their review that the gaps (g) strongly decrease the resonant frequency of the structure,
which makes the size of the complementary microstrip-ring resonator (CMRR) only a tenth of the
corresponding resonant wavelength, we parametrically optimized the gap (g) using CST, HFSS,
and Agilent Advanced Design System (ADS) until we got a sole resonance. Finally, we investigated
the effect of pad capacitances, which are resonator capacitances to ground that are indirectly a
measure of the dielectric substrate thickness (h) on the performance of the proposed MRR. This
is done in order to carry out an efficient characterization. It has been reported that an additional
gap cut along the end-coupled feed line, and also along the curved path in each ring, helped to
suppress the harmonics. In this work, we will focus more on the former as the effect of the gap cut
on the curved path of each ring-resonator could not be uniquely reflected in the EC proposed.
The novel E-CMFL structure shown in Figure 1(b) is therefore designed to sustain the optimized
separated distance between the two MRRs for sole resonance, so as to achieve FBW, and also to
achieve low insertion loss and reduced aperture size. It has been established that implementation
of this design using an MRR along with the feed system would have delivered a filter with sole
resonance response. However, optimal selectivity, high stop-band isolation and an out-of-bound
rejection skirt will not be efficient. Each of the MRRs is λg/4 long, where λg = 0.545 × λ0 is the
guided wavelength at a center frequency of 5.8GHz. The diameter (2r) of each MRR is equal to
(λg/4+g) with two heads (m), each of which is equal to 1.2mm. The coupling structure consists of
two MFL (the interior stubs), each of length λ/8 and width (w2) of 0.77mm of approximately 81.82Ω
after width optimization was done, a matched network of length (`2) = 2mm, and terminated with
an impedance section of 50Ω of approximately of 2mm width (w1) via a modified step section of
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shaped MFL would have been λ/8 step discontinuity, but the matched network between the 50Ω
stub (w1) and the other (w2) is slanted to effectively mitigate losses that would have arisen from
the discontinuity, in order to avoid surface wave propagation at abrupt discontinuities, in a bid to
avoid excitations of spurious modes that may lead to spurious radiation and harmonics. The spacing
between the E-CMFL and the MRRs is tuned between d = 0.05, . . . , 0.9mm so as to improve its
|S11|, and also to tune the filter to the desire resonant frequency. It is expected that m, n, and the
feed are appropriately located, the proposed design is sufficient to obstruct signal propagation in a
narrow band close to the resonant frequency, provided the magnetic field is polarized along the axis
of the ring. To be able to do this efficiently, this EC characterization is essential to be able to study
the proposed MMRs properties. Figure 4 therefore demonstrates the EC of the electrical coupling
between the MRRs. An electric coupling structure of the two MRRs can be represented by two
resonant circuits with identical self-capacitances Cs and inductances Ls as shown in Figure 4.
Between the two resonators, there is a proximity inductance Lm or a coupling capacitance Cm
or both, particularly when oriented as shown in Figure 3 to achieve electrical coupling. Considering
the figure as a two-port network, and using planes T1-T ′1 and T2-T ′2 as reference planes, Eqs. (1)
and (2) properly describe the two-port network [19]. By inference, the equations imply that the
self-capacitance CS is the capacitance in the adjacent resonator when the capacitor in the adjacent
resonator is shorted. Conversely, the second terms on the right-hand side of the equations are the
induced currents resulting from the increasing voltage in resonators MRR2 and MRR1 respectively.
In matrix form, the two-port network can be described as shown in the matrix Eq. (3a), and
the admittance matrix [19] is as stated in Eq. (3b). Therefore, comparing the two matrices (i.e.,
Eqs. 3(a)–(b)), the admittance inverter can be stated as J = Y12/(−j), and it is defined as the
electric coupling between the two electrically coupled resonators. The angular resonant frequency
of the uncoupled resonators with electric wall at a plane of symmetry of the coupled structure is
given as stated in Eq. (5a). Replacing the symmetry plane with a magnetic wall (or an open circuit)
results in a single resonant circuit having a resonant frequency stated in Eq. (5b).
I1 = jωCSV1 − jCmV2 (1)
I2 = jωCSV2 − jCmV1 (2)[
I1
I2
]
=
[
jωCS −jωCm
jωCS −jωCm
] [
V1
V2
]
,
[
V1
V2
]
=
[
Y11 Y12
Y21 Y22
] [
I1
I2
]
(3)
It is worth noting that, while the resonant frequency is lower than that of the uncoupled single
resonator with an electric wall at the plane of symmetry, the same could not be said of a magnetic
plane of symmetry. Instead, the coupling effect reduces the capability of storing charges so that
the resonant frequency is increased. Therefore, the coupling coefficient between the two resonators
is usually given as stated in Eqs. (6a) and (6b).
fe =
1
2pi
√
LS (CS + Cm)
, fm =
1
2pi
√
LS (CS − Cm)
(4)
βE =
(
f2m − f2e
)
(f2m + f2e )
, βE =
Cm
CS
(5)
This explains the frequency-selective behavior of the proposed MRR filter. The induced current
loops are closed through the distributed capacitance between each bent ring, and also the pestle-
like microstrip feed line at resonance, in order to ensure frequency-selective behavior. The MRRs
are therefore able to inhibit signal propagation because of their inherent LC resonant tanks that
are externally driven by the electric field, and mildly by the magnetic field [20]. The resulting
design is modeled using the finite integration technique CST and subsequently, HFSS commercial
solver. The resulting design is photo-etched on a laminate microwave Duroid RO4003C board with
substrate thickness of 0.813mm, dielectric constant (εr) of 3.38, and metal thickness of 35µm in
order to validate the EC characterization results with the numerical ones (via computer simula-
tions). The proposed resonator is then modeled by a single parallel RLC resonator circuit using
2D ADS. It was observed that the EC cannot only reduce the length of the open microstrip feed
line resonator, but can also shift the spurious response of an open microstrip feed line resonator
to a higher frequency such that interference can be minimized. Eqs. (7a) and (7b) are modified
existing equations reported in [22, 23], and are used to extract the approximate values of the circuit
4components, where ω0 is angular resonant frequency, ωc is the lower 3-dB cutoff angular frequency
and Z0 is the scaled impedance of input and output terminated ports. Figure 5 shows the pro-
posed EC of one MRR whereas Figure 5(ai) is formed with an additional capacitance representing
the fringing field due to the gap. This figure is the EC of the half end-coupled microstrip feed.
The same scenario occurred in Figure 5(aii) where each MRR is subsequently represented with an
additional capacitance representing the gap between the resonator and the end-coupled microstrip
feed line. Figure 5(b) is the proposed EC of the entire MRR.
L =
1
4pi2f20C
,
C =
ωC
2ZO
(
ω2O − ω2C
) (6)
Figure 6 is the ADS EC modeling of the proposed MRR’s filter. The resonators MRR1 and MRR2 on
the lower side of the EC represent the two quarter-wave MRRs, whereas the labeled first half MRR
and second half MRR on the upper side of the EC represent the two sides of the MFL, and both
are connected to 50Ω stubs represented by the characteristic impedances Z0. The two resonators
determine the frequency resonance of the bandpass filter. In this circuit, there are four resonator
capacitances, with two on each side labeled accordingly, and two feed capacitances. The resonator
capacitances are labeled CRL1, CRL2 for the left-hand side, and CRR1 and CRR2 for the right-hand
side, whereas the feed capacitances are labeled CTLL1, CTLL2, CTLR1, CTLR2, with their respective
inductances. The capacitances CTLL1 and CTLR1 account for the gap capacitance between the
lines of distance 0.036λg, whereas the line inductances LTLL and LTLL and the gap capacitances
CRL2 and CRL1 are inductances and capacitances between the MFL and resonators. The two end-
coupled sections of microstrip line that make up the E-CMFL are used to compensate for the phase
response in the proposed structure. We varied the edge gap (m) in order to investigate its effect on
the frequency response S-parameters, and to ensure good coupling with the intent of improving the
|S11|. The ADS EC modeling of the proposed filter below demonstrates that each ring resonator
of the resonators in Figure 5 introduces one additional resonant frequency, as demonstrated in
Figures 7(c) and (d). Alternatively, if the frequency differential is too significant, such that there
is no overlap between these two frequencies, this may lead to dual-band characteristics, as shown
in Figure 7(c), or a wideband frequency response. In summary, the symmetrical properties of these
resonators are essentially designed to produce two resonant frequencies, but close to each other. The
(a) (b)
Figure 5: EC of each MRR. Figure 6: EC model of the proposed MRRs filter
using Agilent ADS.
5two resonators thus control the resonant frequency of the bandpass filter. The CTLL1 and CTLL2
(the capacitances that result from the gap between the lines) were optimized by tuning, using
Agilent ADS until the design resonated at the designed frequency, and the values were extracted
from the model. Similarly, LTLL and LTLL (the inductances due to the length of the MFL), and
CRL1, CRL2 (the capacitances due to the gap between the microstrip-ring resonators and the MFL)
were all extracted simultaneously.
3. RESULTS AND DISCUSSION
Figure 7(a) shows the simulated and measured S-parameter results of the proposed design, Fig-
ure 7(b) shows the |S12| response to coupling coefficients, whereas Figure 7(c) plots the frequency
characteristics of mode splitting for different values of d. Evidently, resonance frequency splitting
occurred as d => 0.9mm. In order to obtain an accurate measurement of the scattering parameters
of the filter, through-reflect-load calibration was used. The input and output ports of the prototype
filter were soldered with SMA connectors and measured using Agilent E8364B network analyzer.
The simulated insertion and return losses are 0.94 dB and 19.4 dB respectively, whereas the mea-
sured insertion loss was 2.76 dB with a return loss of 14.2 dB at a center frequency of 5.80GHz.
There is good agreement between the simulated and measured results. The connector mismatches
and conductor losses are responsible for minor dissimilarities.
(a) (b)
(c) (d)
Figure 7: The S-parameter of the proposed MRR filter. (a) Simulated (CST) and measured, (b) characteristic
effect of d < 0.9, (c) effect of d => 0.9, (d) 0.1 < d > 1.
The filter shows brilliant performance when a high dielectric constant substrate material with
low loss tangent is employed. This will be beneficial for more compact size and lower insertion.
To that effect, the proposed design was fabricated on two additional different laminate boards
with permittivity of 4.4, and 10.7 besides the one of 3.38 that was originally designed, in order
to investigate their responses to the coupling coefficients. Their results are presented as shown
in Figure 8. It is obvious from the figure that apart from the fact that the coupling coefficient
reduces with increasing spacing (d) and (d/h), the coupling coefficient also decreases with increasing
dielectric permittivity. Table 1 demonstrates the effect of the gap (d) between each MRR and the
end-coupled microstrip feed line. The gap capacitances (CRL1 & CRL2) between each MRR and the
feed line influence both the resonance frequency and the insertion loss (|S12|) and have a marginal
influence on the return loss (|S11|) and the bandwidth. It is conspicuous from the table that the
resonance frequency shifts to the left as d decreases, whereas, |S12| is optimal at d = (0.3, 0.35)
and depreciates as d tends to zero. Though it is understandable that a decrease of d will certainly
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Figure 8: The effects of gaps on coupling coefficient. (a) Spacing (d), (b) d/h.
Table 1: Effect of gap bet. MRR & feed line (d).
Micr. Feed Line
Gap d (mm)
Capac.
CRL1 = CRL2 pF
Res. Freq.
(GHz)
|S11|
(dB)
|S12|
(dB)
Bandwidth
(MHz)
0.35 100 5.998 −38.45 −0.977 296
0.30 300 5.854 −36.74 −0.977 296
0.25 500 5.824 −36.42 −1.008 306
0.20 700 5.812 −36.27 −1.017 308
0.15 900 5.806 −36.14 −1.018 310
0.10 1100 5.801 −36.14 −1.019 310
0.05 1300 5.798 −36.07 −1.020 310
Table 2: Effect of gap bet. Feed line (i).
Micr. Feed Line
Gap i (mm)
Capac.
CFL1 = CFL2 pF
Res. Freq.
(GHz)
|S11|
(dB)
|S12|
(dB)
Bandwidth
(MHz)
0.40 0.5 5.805 −19.67 −2.108 296
0.35 10 5.816 −25.36 −0.450 306
0.30 20 5.819 −25.75 −0.469 308
0.25 30 5.821 −26.95 −0.477 308
0.20 40 5.821 −26.07 −0.482 310
0.15 50 5.821 −26.31 −0.485 310
0.10 100 5.721 −26.39 −0.491 310
increase the coupling coefficient, it also means that a decrease of d adds more capacitance entries,
which in turn shifts the resonance. A similar trend is evident in Table 2 with a slight influence as
i deceases.
The substrate thickness (CRL2 & CRR1) (h) shown in Table 3 also has a significant influence
on the resonance frequency, as well as the impedance bandwidth. Figure 9 shows the effect of
these parameters with respect to the MRRs. It is therefore evident that varying both m and
g exhibits a similar trend, as both are slowly proportional to frequency until varying either of
them does not have any significant effect on the resonant frequency. In particular, both i and h
demonstrate that they are inversely proportional to the resonance frequency. Alternatively, when
the spacing (d) between the MRRs and feed line is substantial, the resonance frequency shifts to
a position much lower than the designed frequency and vice versa. The same effect is noticeable
when h increases. The frequency increases as d decreases and as h decreases and becomes equal
somewhere around f0 = 5.8GHz, which is our designed frequency. Reflection coefficient |S11|
depreciates marginally with an increase in h, and so is the insertion loss |S21| which depreciates
mildly. This is further demonstrated in Figure 9 with appreciable insertion loss |S21| somewhere
around h = 1.9mm. Similarly, there is an improved return loss |S11| at h = 1.5mm. An analytic
7Table 3: Effect of substrate thickness (h).
Micr. Feed Line
Gap h (mm)
Capac.
CRL2 = CRR1 pF
Res. Freq.
(GHz)
|S11|
(dB)
|S12|
(dB)
Bandwidth
(MHz)
2.50 3.0 9.152 −29.47 −0.553 961
2.10 4.0 7.926 −34.03 −0.669 711
1.90 4.5 7.926 −34.03 −0.726 600
1.70 5.0 7.092 −42.54 −0.781 516
1.50 5.5 6.763 −53.35 −0.834 461
0.90 7.0 5.998 −42.37 −0.977 339
0.70 7.5 5.798 −36.07 −1.061 285
(a) (b)
Figure 9: The effect of substrate thickness (h), gap between the end-coupled feed (i), and gap between the
resonator and the end-coupled feed (d).
procedure for characterization of MRRs has been presented. The analysis is based on the coupling
of the MRRs to a new pestle-like end-coupled microstrip feed line. To this end, we have carefully
investigated the theoretical basis of the proposed MRR filter, and thus inferred its EC model. The
resonant frequency obtained from this EC model using Agilent ADS has been compared with a
similar one obtained from the full-wave commercial solver CST microwave studio and HFSS, and
a satisfactory level of agreement has been obtained. Tuning of the EC model that was developed
was done firstly to determine the effects of radius (r), resonator-feed line gap (d), end-coupled
to feed line gap (i), resonator head (m), and resonator capacitances to ground (h) on resonance
frequency, |S11|, |S21|, and bandwidth; and secondly, to examine how the effects of these parameters
suppress additional resonance that eventually leads to the emergence of sole resonance. From the
resulting equivalent circuit, the behavior of the MRRs filter indicates that after the addition of a
resonator head (m), the MRR conductor becomes longer with attendant additional capacitance due
to an increase in g, and thus the spurious resonance frequency is reduced. In effect, the designed
resonance frequency becomes very distinct. The spurious frequency is subsequently suppressed
because of the presence and the location of the E-CMFL and by varying m until sole resonance is
obtained. In general, it is evident that |S11| improves as d is tuned to the extent that the frequency
occurs at 5.8GHz.
4. CONCLUSION
A new MRR bandpass filter has been characterized with respect to its EC using 2D ADS. The
analysis is based on the coupling of the two MRRs to a new pestle-like end-coupled transmission
line. To this end, we have carefully investigated the theoretical basis of the proposed MRR filter,
and thus inferred its EC model. Tuning of the developed EC model was firstly done to determine the
effects of the various circuit parameters and secondly, to examine to what extent these parameters
suppress additional resonance that eventually leads to the emergence of sole resonance. The findings
indicate that |S11| improves as d is tuned to the extent that the frequency occurs at 5.8GHz. The
proposed circuit has been validated numerically and analytically.
8REFERENCES
1. Bernard, P. A. and J. M. Gautray, “Measurement of dielectric constant using a microstrip ring
resonator,” IEEE Transactions on Microwave Theory and Techniques, Vol. 39, No. 3, 592–595,
Mar. 1991.
2. Sheng, S. and Z. Lei, “Wideband microstrip ring resonator bandpass filters under multiple
resonances,” IEEE Transactions on Microwave Theory and Techniques, Vol. 55, No. 10, 2176–
2182, Oct. 2007.
3. Wolff, I. and N. Knoppik, “Microstrip ring resonator and dispersion measurement on microstrip
lines,” Electronics Letters, Vol. 7, No. 26, 779–781, Dec. 30, 1971.
4. Srisathit, K., A. Worapishet, and W. Surakampontorn, “Design of triple-mode ring resonator
for wideband microstrip bandpass filters,” IEEE Transactions on Microwave Theory and Tech-
niques, Vol. 58, No. 11, 2867–2877, Nov. 2010.
5. Saavedra, C. E., “Microstrip ring resonator using quarter-wave couplers,” Electronics Letters,
Vol. 37, No. 11, 694–695, May 24, 2001.
6. Rashidian, A., M. T. Aligodarz, and D. M. Klymyshyn, “Dielectric characterization of materials
using a modified microstrip ring resonator technique,” IEEE Transactions on Dielectrics and
Electrical Insulation, Vol. 19, No. 4, 1392–1399, Aug. 2012.
7. Hopkins, R. and C. Free, “Equivalent circuit for the microstrip ring resonator suitable for
broadband materials characterisation,” IET Microwaves, Antennas & Propagation, Vol. 2,
No. 1, 66–73, Feb. 2008.
8. Gardner, P., D. K. Paul, and K. P. Tan, “Microwave voltage tuned microstrip ring resonator
oscillator,” Electronics Letters, Vol. 30, No. 21, 1770–1771, Oct. 13, 1994.
9. Stegeman, T., A. H. Pfeiffenberger, J. P. Bailey, and M. C. Hamilton, “Broadband character-
ization of engineered dielectric fluids using microstrip ring resonator technique,” Electronics
Letters, Vol. 50, No. 8, 576–578, Apr. 10, 2014.
10. Sarabandi, K. and E. S. Li, “Microstrip ring resonator for soil moisture measurements,” IEEE
Transactions on Geoscience and Remote Sensing, Vol. 35, No. 5, 1223–1231, Sep. 1997.
11. Mandal, S., H. O. Roy, L. B. Dubey, and A. K. Shukla, “Design and development of band
pass filter at 140GHz,” International Conf. on Recent Advances in Microwave Theory and
Applications, MICROWAVE 2008, 255–257, Nov. 2008.
12. Baena, J. D., J. Bonache, F. Mart´ın, R. Marque´s, F. Falcone, T. Lopetegi, M. A. G. Laso,
J. Garc´ıa, I. Gil, M. Flores-Portillo, and M. Sorolla, “Equivalent circuit models for microstrip
ring resonators and complementary microstrip rings resonators coupled to planar microstrip
feed lines,” IEEE Transactions on Microwave Theory and Techniques, Vol. 53, 1451–1461,
Apr. 2005.
13. Gil, M., J. Bonache, J. Selga, J. Garc´ıa-Garc´ıa, and F. Mart´ın, “Broadband resonant type
metamaterial transmission lines,” IEEE Microwave and Wireless Components Letters, Vol. 17,
97–99, Feb. 2007.
14. Dura´n-Sindreu, M., A. Ve´lez, F. Aznar, G. Siso´, J. Bonache, and F. Mart´ın, “Application
of open split ring resonators and open complementary split ring resonators to the synthesis
of artificial transmission lines and microwave passive components,” IEEE Transactions on
Microwave Theory and Techniques, Vol. 57, No. 12, 3395–3403, Dec. 2009.
15. Gil, M., J. Bonache, J. Selga, J. Garc´ıa-Garc´ıa, and F. Mart´ın, “Composite right/left
handed (CRLH) metamaterial transmission lines based on complementary split rings resonators
(CSRRs) and their applications to very wide band and compact filter design,” IEEE Transac-
tions on Microwave Theory and Techniques, Vol. 55, 1296–1304, Jun. 2007.
16. Kim, C. S., D. H. Kim, I. S. Song, K. M. K. H. Leong, T. Itoh, and D. Ahn, “A design of a
ring bandpass filters with wide rejection band using DGS and spur-line coupling structures,”
IEEE MTT-S International Microwave Symp. Dig., 412–417, Jun. 2005.
17. Mandal, S., H. O. Roy, L. B. Dubey, and A. K. Shukla, “Design and development of band
pass filter at 140GHz,” International Conf. on Recent Advances in Microwave Theory and
Applications, MICROWAVE 2008, 255–257, Nov. 2008.
18. Zhiyuan, Y. and W. Qi, “A multiband small antenna based on deformed microstrip ring res-
onators of left-handed eta-materials,” International Symp., Microwave, Antenna, Propagation
and EMC Technologies for Wireless Communications, 531–534, 2007.
919. Hong, J. S. and M. J. Lancaster, “Couplings of microstrip square open-loop resonators for cross-
coupled planar microwave filters,” IEEE Transactions on Microwave Theory and Techniques,
Vol. 44, No. 11, 2099–2109, Nov. 1996.
20. Karshenas, F., A. R. Mallahzadeh, and J. Rashed-Mohassel, “Size reduction and harmonic
suppression of parallel coupled-line bandpass filters using defected ground structure,” Inter.
Symp. ANTEM/URSI, 1–6, 2009.
21. Zhang, R., “Novel planar microstrip and dielectric resonator filter,” PhD Thesis, Department
of Electrical and Computer Engineering, University of Waterloo, 2007.
22. Chang, C. C., C. Caloz, and T. Itoh, “Analysis of a compact slot resonator in the ground plane
for microstrip structures,” 2001 Asia-Pacific Microwave Conference, 2001, APMC 2001, Vol. 3,
1100–1103, 2001.
23. Choi, J. and C. Seo, “Broadband and low phase noise VCO using tunable metamaterial mi-
crostrip feed line based on varactor-loaded microstrip-ring resonator,” Microw. Conf. KJMW,
2007, 145–148, 2007.
